disease (CHD), involves numerous cell types and organs and a number of disparate physiological processes (see Figure  1 ). [1] [2] [3] It is not surprising, then, that the genetic basis of CHD is complex. This complexity is clearly illustrated by studies of rodent models; for example, experiments with transgenic and gene-targeted mice have revealed Ͼ100 genes that can influence the development of atherosclerotic lesions. The purpose of this review is to provide a brief overview of our current understanding of the genetic factors that contribute to susceptibility to atherosclerosis in human populations (Part I) and then to examine the clinical implications of this knowledge (Part II).
Rare and Common Genetic Differences Contributing to Susceptibility to Atherosclerosis
Single-gene (mendelian) disorders with large effects are the most dramatic examples of the genetic contributions to atherosclerosis. 4, 5 However, most forms of the disease are the product of many genes with small effects that are modified by the environment and the effects of other genes, rather than of a single highly penetrant gene. Studies of identical twins are particularly informative because these twins share all of their genes, and such studies consistently indicate that genetic effects powerfully influence heart disease as well as most of its risk factors (Table) . Estimates of the heritability of CHD-the proportion of variance of the disease that correlates with genetic differences-are mostly in the range of 40% to 60%. 6, 7 A detailed discussion of the many genes that have been identified as candidates for susceptibility to atherosclerosis is beyond the scope of this review, but Figure 1 summarizes some of the currently known pathways and the molecular interactions that are involved. The classic genetic trait in heart disease is familial hypercholesterolemia (FH). Carl Miller, a physician at Oslo County Hospital, Norway, first described the disorder Ϸ70 years ago. He noted that the triad of elevated cholesterol, tendon xanthomas, and early heart disease segregated together in families, providing strong evidence for an association between blood lipids and atherosclerosis. Joseph Goldstein and Michael Brown further examined the disease in the early 1970s, and over the last 3 decades, their landmark studies have fostered many insights in the control of cholesterol levels and the etiology and treatment of CHD. Along the way, they discovered receptor-mediated endocytosis and novel mechanisms for transcriptional regulation by lipids. Their studies revealed that FH is the result of mutations that destroy the ability of the LDL receptor to mediate the binding, internalization, or degradation of LDL ( Figure 2 ). Individuals carrying 2 mutant copies have extremely high levels of cholesterol (Ͼ600 mg/dL), whereas heterozygotes with 1 mutant copy have levels of Ϸ400 mg/dL. The penetrance of CHD in FH varies widely, dependent on modifier genes and the same lifestyle environmental risk factors that determine risk in noncarriers, including diet, smoking, and activity level. 8 The frequency of heterozygotes in most populations is surprisingly high for a lethal disease, Ϸ1 in 500. 9 Because a significant fraction of heterozygous individuals are unaware that they carry a lethal dominant gene that is shared by half of their first-degree relatives, it would seem that DNA screening of the disease would be worthwhile, particularly because effective treatments for the heterozygous disease are available. 10 Unfortunately, FH is heterogeneous in most populations, the exception being founder populations such as French Canadians and Afrikaners, involving hundreds of different mutations of the LDL receptor gene. Nevertheless, rapidmutation screening methods for FH have been developed. 11 Familial defective apolipoprotein B (apoB), another relatively common hypercholesterolemia (Ϸ1 in 800), is the result of the mutations of apoB, the major protein of LDL, which prevent its binding to the LDL receptor. In contrast to FH, this disorder is homogeneous, with most cases resulting from a single nucleotide substitution at codon 3500. Although the cholesterol levels of these patients are somewhat lower than are those with FH, they are still highly elevated. Like FH, the disorder exhibits dominant inheritance; therefore, half of the first-degree relatives of an individual with familial defective apoB will be affected.
Most other single-gene traits associated with CHD are rare and of lesser clinical significance. 5 As was the case with FH, studies of rare disorders have led to many novel insights into the pathways involved in atherogenesis. For example, our understanding of cholesterol transport and the control of lipoprotein levels has been transformed recently by the identification of ABC transporters as the cause of Tangier disease and sitosterolemia. Similarly, Lifton's studies 12 of rare mendelian forms of hypertension have identified key processes in the control of blood pressure.
During the past 20 years, the study of human genetics has been revolutionized by positional cloning, a combination of genetic and physical mapping that allows genetic differences to be identified solely on the basis of their locations in the genome. At present, Ϸ2000 different mendelian disease genes have been identified by positional cloning. Unfortunately, the complex etiology of common diseases, involving many different genetic factors as well as important environ-mental influences, has made it difficult to apply positional cloning. Thus, in contrast to the great success achieved in identifying single-gene disorders for atherosclerosis, our understanding of the common, complex forms remains limited.
Most of our success in understanding the genetic basis of common forms of atherosclerosis has come from studies of "candidate genes," genes identified by biochemists and subsequently examined for genetic differences and associations in populations. A good example of a candidate gene is apolipoprotein E (apoE). ApoE has been studied intensively as a central player in plasma lipid metabolism, in which it mediates the uptake of chylomicron and VLDL remnants by the LDL receptor and its cousin, LDL receptor-related protein (LRP) ( Figure 2 ). Common genetic differences (polymor- Candidate genes for genetic susceptibility to CHD and some pathways thought to be involved in development and rupture of atherosclerotic lesions. A, Early stages of lesion formation; B, later stages. Many genes shown here have been examined in populationassociation studies, but only a fraction have been convincingly confirmed as playing role in CHD or genetic susceptibility to its risk factors. Genes with preliminary evidence of association with CHD are shown in red. (For detailed discussion of pathways based largely on transgenic studies in mice, see references 1 through 3.) 5-HT2A receptor indicates serotonin 2A receptor; ACE, angiotensin-converting enzyme; ADD1, adducin 1; AGE, advanced glycosylation end product; aP2, fatty acid-binding protein; BMPs, bone morphogen proteins; C3, complement component 3; CCR2, chemokine receptor 2; CLPN10, calpain 10; COX2, cyclooxygenase-2; CRP, C-reactive protein; CYP7A, cholesterol 7␣-reductase; EL, endothelial lipase; GPIIIA, glycoprotein IIIA; HL, hepatic lipase; HO-1, heme oxygenase-1; HSD-1, 11␤-hydroxysteroid e reductase-1; IL, interleukin; INF, interferon; MC4R, melanocortin-4; MCP-1, monocyte chemoattractant protein-1; MGP, matrix gla protein; MHC, major histocompatibility complex; MMPs, metalloproteinases; MPO, myeloperoxidase; NOS, nitric oxide synthase; RAGE, receptor for AGE; SAA, serum amyloid A; SLC 2A1, solute carrier family 2, glucose transporter, membrane 1; sPLA2, secretory phospholipase; TIMPs, tissue inhibitors of metalloproteinasese; TLR4, tolllike receptor 4; TNF, tumor necrosis factor; VCAM, vascular cell adhesion molecule-1; and VEGF, vascular endothelial growth factor. Other abbreviations as in text. phisms) of apoE were identified by Utermann and colleagues 13 in the 1970s, and subsequent studies by many laboratories revealed clear associations with plasma cholesterol levels and type III hyperlipidemia (and later, Alzheimer disease). As compared with the E3 allele (population frequency Ϸ60%), the E4 allele (frequency Ϸ30%) increases plasma cholesterol levels, whereas the E2 allele (frequency Ϸ10%) decreases plasma cholesterol levels. In the US population, these common variations of apoE explain Ϸ5% of the genetic variation in cholesterol levels. 14 Type III hyperlipidemia is an interesting example of a genetic interaction. Almost all individuals with this uncommon (1 in several thousand) hyperlipidemia are homozygous for the E2 allele, but most individuals who are homozygous for the E2 allele do not have the disorder. 15 Thus, other genetic or environmental interactions are required to produce hyperlipidemia in addition to homozygosity for the E2 allele.
Our knowledge of genetic differences contributing to CHD risk is greatest in lipid metabolism ( Figure 2 ). In addition to apoE, convincing evidence suggests that common variations of hepatic lipase influence levels of HDL, 16 that variations of the apoAI-CIII-AIV-AV locus contribute to plasma triglyceride levels, 17 and that variations of the apo(a) gene determine Ϸ90% of the population variance of Lp(a) levels. 18 Both hepatic lipase and the apoAI-CIII-AIV-AV cluster appear to influence LDL particle size, a predictor of CHD risk. 19 However, these genetic differences together explain only a small fraction of the total variance of plasma lipid phenotypes.
More than 2 dozen studies have revealed significant associations between polymorphisms of paraoxonase-1 (PON1) and measures of CHD (although about an equal number of studies have been negative). 20, 21 PON1 is a serum esterase bound to HDL, first recognized for its ability to hydrolyze a metabolite of the insecticide parathion. PON1 was identified as a candidate gene for CHD because of its ability to inhibit the oxidation of LDL ( Figure 1A) , and transgenic studies in mice have confirmed that PON1 is antiatherogenic in vivo. 22 The studies with PON1 are especially significant in providing support for the oxidation hypothesis of atherosclerosis. 23 Many other candidate genes have been examined in population-association studies (Figure 1 ). Common variations in some of these genes have been convincingly associated with CHD or its risk factors (see Part II of this review). Most associations, however, require confirmation, and many are likely to prove to be false positives. 24 A clustering of atherosclerotic risk factors termed the "metabolic syndrome" (MetSyn) is an especially common contributing factor to CHD ( Figure 1B) . MetSyn is characterized by visceral adiposity, insulin resistance, low HDL cholesterol, hypertriglyceridemia, a systemic proinflammatory state, and small dense LDL, and it is a strong predictor of both CHD and type 2 diabetes mellitus. 25 At present in the United States, Ϸ25% of people Ͼ20 years old and Ϸ45% of people Ͼ50 years old exhibit MetSyn. The assessment and treatment of MetSyn have yet to be effectively integrated into clinical practice. 25 MetSyn, like atherosclerosis, clearly is complex, with a host of genetic and environmental contributions. Genetic differences in the nuclear receptor peroxisome proliferator-activator receptor-␥ (PPAR␥) appear to play a key role in MetSyn and type 2 diabetes mellitus. 26 Interestingly, PPAR␥ agonists are effective in correcting a number of features of MetSyn. Recent studies also have implicated common variations of the lipoprotein lipase (LPL) gene in MetSyn. 27 LPL is an enzyme in capillary surfaces that hydrolyzes the triglyceride in plasma chylomicrons and VLDL, releasing free fatty acids for uptake by peripheral tissues (Figure 2 ). Human studies that suggest a role for PPAR␥ and LPL in MetSyn are strongly supported by studies with transgenic mice.
Recent Progress
In 2001, the complete sequence of the human genome was published, and with it came a powerful ability to identify genes, particularly for complex traits. Since that time, the trend has been a tremendous acceleration in the discovery of genes for complex traits, and this trend is likely to continue. The "HapMap" is an ongoing effort to identify all of the major haplotypes (specific combinations of genetic differences in blocks on chromosomes) throughout the genome, and this is expected to greatly simplify association studies. Also, the ability to rapidly and efficiently survey gene expression for most genes will help to identify disease gene pathways. 28 One interesting example is the identification of the role of the oxidative phosphorylation pathway in type 2 diabetes mellitus. 29 Risk factors for CHD can be subdivided into those that are determined significantly by genetic differences and those that are largely environmental. Heritabilities of genetic risk factors are in parentheses. 1 An intriguing example of a disorder that results in earlyonset heart disease independent of any known risk factors is Hutchinson-Gilford progeria. This rare mendelian disorder possesses many of the symptoms of extremely rapid aging, and death usually results from myocardial infarction (MI) at an early age (median age 13). Atherosclerosis is a rather specific feature of this disease because it does not result in many other disorders that are associated with aging such as dementia or cancer. Recent studies have revealed that the disorder is the result of a specific mutation of the lamin A gene, which culminates in an in-frame alternate splice transcript that encodes a peptide with a 50 -amino acid deletion in the carboxyl terminus. 30 Interestingly, different lamin A gene mutations result in a variety of different disorders including dilated cardiomyopathy, familial partial lipodystrophy, and muscular dystrophy. 31 A large case-control study in which many candidate genes for CHD were examined for premature MI suggested the involvement of multiple members of the thrombospondin family of genes. 32 These studies still require confirmation, but it is intriguing that 3 different but related genes exhibited significant evidence of association.
Genetic and Environmental Risk Factors for CHD
Genetic studies of a large family exhibiting dominant inheritance of early-onset CHD resulted in the identification of the transcription factor myocyte enhancer factor 2A (MEF2A) as the underlying gene. 33 MEF2A is expressed in endothelial cells as well as in myocytes, but how it contributes to CHD is unknown.
Association studies provide a means of testing the possible involvement of genes in a complex trait, but until recently the approach has been restricted to candidate genes previously recognized through biochemical studies. With the identification of hundreds of thousands of genetic differences, particularly single-nucleotide polymorphisms (SNPs), throughout the human genome, it has become possible to perform whole genome-association studies, in which polymorphisms of many of the Ϸ35 000 genes in the genome are queried for possible association with a complex trait. Ozaki et al 34 performed such a whole genome-association study on populations in Japan and concluded that the most significant association with MI occurred with genetic differences of the lymphotoxin-␣ (LTA) gene. LTA is involved in inflammatory responses and the control of immunoglobulin levels. Schreyer and colleagues 35 showed that a null mutation of the LTA gene in mice has a significant although modest effect on atherosclerotic lesion development in mice.
On the basis of the findings with LTA, Ozaki and colleagues searched for proteins that interact with LTA, and using a yeast 2-hybrid system they showed that galectin-2 regulates LTA secretion. They then tested for an association between an SNP of the galectin-2 gene and susceptibility to MI in a Japanese population and observed a highly significant relationship. 36 This study nicely illustrates the concept that pathway members can serve as covariates in genetic studies.
One powerful approach to the identification of genes for complex traits is the study of genetic isolates (ie, populations derived from a relatively small number of "founders"). Such populations tend to have reduced heterogeneity (a smaller number of disease-causing alleles) and other features that simplify positional cloning. Using the population of Iceland, Figure 2 . Candidate genes in lipoprotein metabolism. Lipids are transported through the circulation as complexes with various apolipoproteins that package lipids and act as cofactors for enzymes or ligands for uptake by cellular receptors. Dietary lipids are absorbed in intestine, packaged into chylomicrons, and secreted into lymph. On entering circulation, triglycerides are hydrolyzed through action of LPL and the resulting remnants taken up by interaction of apoE with LDL receptor (apoB, E receptor) or LRP. During lipolysis, surface phospholipids and chylomicron proteins slough off to give rise to HDL precursors. Liver cells package triglycerides and cholesterol esters into VLDL particles. LPL acts on them to produce intermediate-density lipoproteins (IDL), which can be taken up by B, E-receptor, or further lipolyzed, partly through hepatic lipase (HL) action, to produce LDL. LDL retains a single major protein, apoB100, and is removed from circulation by the apoB, E receptor. Because of slow kinetics of LDL uptake, LDL particles constitute major cholesterol-carrying particle in most individuals. LDL can complex with apo(a) protein to form Lp(a) particles, which appear par-ticularly atherogenic. HDLs are formed largely in the circulation from apoAI and AII secreted by liver and intestine and from chylomicrons' surface and VLDL during their lipolysis. HDL precursors take up cholesterol from various tissues through interaction with ABCA1 transporter, and cholesterol is esterified by lecithin:cholesterol acyl transferase (LCAT) action. Lipids can be transferred between lipoproteins through the actions of cholesteryl ester transfer protein (CETP) and phospholipid transfer protein (PLTP). a genetic isolate founded by the Vikings, workers at deCODE identified the gene encoding phosphodiesterase-4D (PDE4D) in ischemic stroke. 37 They first used linkage analysis of families to map the gene to the long arm of chromosome 5 and then saturated the region with genetic markers to test for association. By far the strongest association was observed with the PDE4D gene, and the genetic differences were shown to influence PDE4D expression. At present, the role of PDE4D in ischemic stroke, which results largely from atherosclerosis, is unknown, but it is interesting to note that cyclic adenosine monophosphate, a signaling molecule in the inflammatory responses of endothelial cells to oxidized lipids, is a substrate of PDE4D.
Familial combined hyperlipidemia (FCHL) is the most common discrete hyperlipidemia (population frequency Ϸ2%) and is a common cause of "early" CHD (Ϸ20% of middle-aged MI patients have FCHL). It was first recognized in 1973 by Goldstein and coworkers 38 in studies of families that were enriched for early CHD. FCHL is characterized by elevated levels of plasma triglycerides or cholesterol or both, as well as by early CHD, and it exhibits an apparent dominant pattern of inheritance. Although the disorder was recognized Ͼ30 years ago, the major genes for FCHL have proved elusive. In studies of the Finnish isolate, Pajukanta and coworkers mapped the first major locus of FCHL to chromosome 1q21-23, and recently they provided strong evidence (based on association) that the gene underlying the linkage is the upstream transcription factor-1 (USF-1) gene. 39 If confirmed, these studies are likely to have important implications for diagnostic testing and for a more complete understanding of the genetic basis of FCHL. USF-1 is known to regulate many important genes in plasma lipid metabolism, including certain apolipoproteins and hepatic lipase. Linkage of type 2 diabetes mellitus as well as FCHL to the region harboring the USF-1 gene has been observed in several different populations worldwide, 40 raising the possibility that USF-1 also may contribute to MetSyn and type 2 diabetes.
Another useful approach to the identification of genes for common disease is to use animal models, particularly the mouse. 41 Mehrabian and colleagues 42 recently identified the gene for 5-lipoxygenase (5-LO) as a contributor to susceptibility to atherosclerosis in mice. Hypothesizing that polymorphisms of this gene also may contribute to susceptibility to CHD in human populations, Mehrabian et al subsequently demonstrated that a common promoter polymorphism of the 5-LO gene was associated with carotid intimal-medial thickness, a measure of atherosclerosis. 43 5-LO is a key enzyme in the production of leukotrienes, inflammatory mediators derived from the oxidation of arachidonic acid. Because the enzyme is expressed primarily in leukocytes, including monocyte-macrophages, it may affect the growth and survival of leukocytes in the vessel wall. Workers at deCODE reported that genetic differences in another gene in the leukotriene pathway, 5-LO-activating protein, confer the risk of MI and stroke in the Icelandic isolate. They also showed that a separate haplotype of 5-LO-activating protein is associated with MI in patients in the United Kingdom. 44 A number of genome scans have provided strong evidence for novel loci segregating with measures of CHD or MI. [45] [46] [47] Thus, it is likely that additional novel genes will be identified in the near future.
Conclusion
In recent years we have witnessed some dramatic advances in our understanding of genetic factors in CHD. It is clear that genetic factors acting directly on vascular cells or blood cells contribute importantly to susceptibility to CHD. In fact, studies of genetic susceptibility to atherosclerosis in mice suggest that such factors may be more important than those influencing the traditional risk factors. 41 It is also clear that novel highly penetrant genetic differences, some rare and some common, exist in the population, predisposing individuals to CHD ( Figure 1B) . The identification of these genetic factors is expected to provide an understanding of novel pathways and to lead to new treatments and new diagnostic tests for CHD (see Part II of this review).
